Highly hierarchical structures of silver indium tungsten oxide (AgIn(WO 4 ) 2 ) mesocrystals can be rationally fabricated via the microwave-assisted synthesis method by tuning the initial concentrations of the precursors. Photoluminescence spectra of hierarchical AgIn(WO 4 ) 2 mesocrystals were measured to investigate the correlation between the morphology, pressure, and temperature and their luminescence properties. The materials showed interesting white emission when excited by visible light of wavelength 460 nm. AgIn(WO 4 ) 2 materials having different morphologies displayed notable differences in photogenerated emission performance. The emission was strongly correlated with the surface nanostructures of outgrowths, with larger amounts of outgrowths leading to stronger emission intensities. The pressure-and temperature-dependent photoluminescence properties of these materials have also been investigated under hydrostatic pressures up to 16 GPa at room temperature and in the temperature range from 10 to 300 K.
Introduction
The special properties of nanomaterials have attracted increasing attention over the last decades. It has been shown that the properties of nanomaterials can be controlled by tailoring their size, shape, chemical composition, and surface functional groups [1] . The Achieving precise control over the synthesis and properties of metal tungstates has been a hot research subject. The optical properties of metal tungstates with different morphologies have been studied [9] [10] [11] . Su et al. [12] have reported that the physical properties of CaWO 4 nanocrystals are size-dependent. Rare earthdoped CaWO 4 -based phosphors have displayed excellent luminescence properties with luminescence lifetimes of milliseconds, abnormally narrow emissions, and maximum quantum efficiencies of 92% [13, 14] .
Branched nanostructures, a unique class of materials, have sharp tips attached on a long backbone [15, 16] . These nanostructured tips are stabilized on larger structures and have possible applications in multifunctional single-component nanodevices [17] [18] [19] . The hierarchical structure results in a remarkable enhancement in their properties due to their large surface area and branch contributions [20] [21] [22] . For example, Wang et al. [23] have reported the excellent field-emission properties of aluminum nitride nanorods with multi-tipped surfaces, and single-crystalline branched zinc phosphide nanostructures have displayed highly efficient spatially resolved photodetector characteristics [24] .
The properties of semiconductors are highly dependent on their structural form. Morphologydependent luminescence properties of semiconductors have been widely studied [25] [26] [27] [28] [29] . For example, Kan et al. have convincingly established that the electronic structure and optical properties of InAs quantum rods are highly shape-dependent [30] . Moreover, Zhai et al. have reported morphology-dependent stimulated emission and field emission of ordered CdS nanostructure arrays by rationally tuning the structure alignment of the arrays, demonstrating that the better the structure alignment, the lower the threshold for a stimulated emission [31] . Recently, we have synthesized a new kind of silver indium tungsten oxide (AgIn(WO 4 ) 2 ) mesocrystals with highly hierarchic structures using a microwave-assisted approach. The materials show high and selective photocatalytic activity for the degradation of different organic dyes under UV and visible light irradiation [32] .
Herein, we report a systematic study of the morphology-, pressure-, and temperature-dependent photoluminescence properties of such hierarchical silver indium tungsten oxide (AgIn(WO 4 ) 2 ) mesocrystals with branched nanostructures. A variety of different structures were prepared by carefully tuning the initial concentrations of the precursors.
Experimental
The hierarchical AgIn(WO 4 ) 2 mesocrystals were prepared by a microwave-assisted synthesis method described previously [32] . In short, an aqueous solution containing both AgNO 3 (0.1 mmol/L) and In(NO 3 ) 3 ·4.5H 2 O (0.1 mmol/L) was mixed with an equal volume of an aqueous solution of Na 2 WO 4 ·2H 2 O (0.2 mmol/L). The resulting white suspension was stirred for 40 min. 6 mL of the suspension was transferred into a microwave glass vessel and heated to 180 °C by microwave irradiation under magnetic stirring for 20 min. The precipitate was filtered off and washed with deionized water and finally air-dried at room temperature.
X-ray power diffraction (XRD) was carried out on a Philips X'Pert PRO Super X-ray diffractometer equipped with graphite monochromatized Cu Kα radiation (λ = 1.540 56 Å) with the operating voltage and current maintained at 40 kV and 40 mA, respectively. Transmission electron microscope (TEM) imaging was performed on a Hitachi (Tokyo, Japan) H-800 TEM at an accelerating voltage of 200 kV. Field emission scanning electron microscopy (FESEM) was carried out with a field emission scanning electron microanalyzer (JEOL-6700F). PL spectra were recorded on a Fluorolog-3 spectrophotometer with an Xe lamp as the excitation source at different temperatures. The microwave system was a CEM Discover Microwave Synthesizer (CEM Corporation, USA).
For the high-pressure measurements, samples were loaded into a diamond anvil cell (DAC) without using a pressure transmission medium. Pressure was measured by the ruby fluorescence method [33] . Raman and PL spectra were recorded by an integrated laser Raman system (LabRAM HR, Jobin Yvon) with a confocal microscope, stigmatic spectrometer, and a multichannel air-cooled charge-coupled device (CCD) detector with a typical resolution of 1 cm -1 in the measured frequency region. An argon ion laser operating at 514.5 nm and a power of up to 15.2 mW was used as the excitation source. All spectra were measured at room temperature in the backscattering geometry.
Results and discussion
The morphology, structure, and chemical composition of AgIn(WO 4 ) 2 mesocrystals have been reported previously [32] . The morphology of the AgIn(WO 4 ) 2 materials can be effectively regulated by adjusting the initial concentrations of the precursors (Fig. 1 ). We define C as a mixture of precursors with the concentrations of AgNO 3 (0.01 mmol/mL), In(NO 3 ) 3 ·4.5H 2 O (0.01 mmol/mL), and Na 2 WO 4 ·2H 2 O (0.02 mmol/mL). This mixture gives a material (sample 3 in Table 1 ) that has a hierarchical caterpillar-like architecture, including the initially formed olive-like core and striated outgrowths that are oriented vertically to the core (Figs. 1(g)-1(i)). When the concentrations in the precursor mixture were decreased from 1 C to 0.33 C Table 1 ); (d)-(f) caterpillar-like structure (sample 2 in Table 1 ); (g)-(i) caterpillar-like structure (sample 3 in Table 1 ); (j)-(l) caterpillar-like structure (sample 4 in Table 1 ); (m)-(o) olive-like structure and nanoparticles (sample 5 in Table 1 ) (sample 5 in Table 1 ), the amount of outgrowths decreased, and the morphology changed from caterpillar-like structures to a mixture of olive-like structures and nanoparticles (Figs. 1(m)-1(o)). On further decreasing the concentrations to 0.083 C, the morphology changed to a pure olive-like structure without any outgrowths (see Fig. S-1 in the Electronic Supplementary Material (ESM)). In contrast, when the concentration was increased from 1 C to 3 C (sample 1 in Table 1 ), the amount of outgrowths increased and the caterpillar-like structures become much thicker and more massive ((Figs. 1(a)-1(c)). The UV-visible absorption spectra of the samples confirm the intrinsic semiconductor nature of these materials (see Fig. S-2 in the ESM).
Based on the above results, the morphology and calculated band gap of the products have been summarized in Table 1 . Although the morphologies of these materials show dramatic changes on adjustment of the initial concentrations of the precursors, the products were well-crystalline and their XRD patterns are all in agreement with the pure monoclinic structure of AgIn(WO 4 ) 2 (Fig. 2) .
The luminescence spectrum of the AgIn(WO 4 ) 2 mesocrystals prepared with the precursor concentrations of 1 C (sample 3 in Table 1 ) is shown in Fig. 3(a) . It can be seen that the mesocrystals exhibited interesting white emission, with a broad emission band from 500 to 800 nm with a maximum at 560 nm upon excitation at 460 nm ( Fig. 3(a) ). The strong luminescence intensity indicates the good crystallinity of the mesocrystals [34] . The broad PL bands for the mesocrystals can be deconvoluted into four Gaussian curves with their maxima centered at 516 nm (2.40 eV), 556 nm (2.23 eV), 600 nm (2.07 eV), and 660 nm (1.88 eV). The emission Table 1) centers of the green, orange, and red components are consistent with previous reports [35] [36] [37] [38] [39] . The excitation spectrum for emission at 560 nm showed a strong broad band from 350 to 540 nm ( Fig. 3(b) ).
The PL spectrum of this material can effectively reveal the migration, transfer, and recombination processes of photogenerated electron-hole pairs [40] . The emission maximum at 560 nm corresponds to an excitation process and the actual band gap in the material. The band structure of AgIn(WO 4 ) 2 is complex, because of the presence of three different cations and the similar geometric positions of the isoelectronic Ag + and In 3+ ions. Tang et al. [40] have reported the band structure of AgIn(WO 4 ) 2 , in which the valence band is the hybridized band of Ag 4d and O 2p, and the conduction bands are the empty W 5d and the hybridized band of Ag 5s and In 5s. The emission maximum at 560 nm corresponds to electron excitation from the hybridized band of Ag 4d and O 2p to the W 5d level, and is consistent with the previous report [40] . The luminescence properties of five samples of AgIn(WO 4 ) 2 prepared with different initial concentrations of the precursors have been studied, in order to investigate the relationship between the morphology and the luminescence of these materials. Figure 4 shows the luminescence spectra of the samples. All of the spectra consist of a broad band in the visible region. Interestingly, the luminescence intensity had a close relationship with the morphology of the sample, namely the greater the amount of outgrowths on the core, the stronger the luminescence intensity. For example, the luminescence intensity of sample 1 ( Table 1) was 30 times greater than sample 5. As shown in the insert to Fig. 4(a) , there is an interesting linear relationship between the initial concentrations of the precursors (as expressed by C) and the luminescence intensity of the samples.
The morphology dependence of the luminescence properties of the samples can be mainly ascribed to presence of different amounts of surface defects. For the as-synthesized AgIn(WO 4 ) 2 materials, the presence of crystalline outgrowths on the core results in an Table 1 ). The excitation wavelength was 460 nm and the spectrum was recorded at room temperature. The insert image is a schematic illustration of the band structure of AgIn(WO 4 ) 2 , in which VB is the valence band and CB is the conduction band [35, 40] . Table 1 ). The excitation wavelength was 460 nm and the spectra were recorded at room temperature. The insert image shows the relationship between the initial concentrations of the precursors (as expressed by C) and the luminescence intensity of the samples. The black spots represent the experimental data and the red line represents the best fit to a linear function with a linear regression equation of y = 1.52x -2.33 and a correlation coefficient of 0.9965. (b) The excitation spectra of the AgIn(WO 4 ) 2 materials (samples 1-5) using 560 nm as the emission wavelength increase in the number of surface defects. The nanostructures of crystalline outgrowths have more surface defects due to their high surface-to-volume ratios. Previous reports have demonstrated that the surface of a semiconductor plays an important role in its visible emission [41, 42] . Usually, surface states are involved in nonradiative relaxation processes. The surface can strongly disturb the lattice where the high concentration of both shallow and deep levels provides a pathway for nonradiative recombination of charge carriers [42] . Electron-hole recombination at a defect site can result in a large reorganization in the local charge distribution, leading to strong vibronic transitions and broad emission bands [42] . Furthermore, a large surface-to-volume ratio of outgrowths can lead to the efficient and fast trapping of photogenerated holes at surface sites for radiative recombination of charge carriers [43, 44] . From this point of view, it can be argued that samples with more surface defects and surface nanostructures give rise to stronger emission in the visible region.
Temperature-and pressure-dependent luminescence measurements have previously been used to investigate the stability and properties of the luminescent centers in a semiconductor [45] . An externally applied hydrostatic pressure can shorten the interatomic distance and change the overlap between adjacent electronic orbitals [46, 47] . The temperature can influence both the crystal fields surrounding luminescent centers and electron-phonon coupling [48] . To the best of our knowledge, the temperature-and pressure-dependent luminescence of AgIn(WO 4 ) 2 materials has not been reported until now.
Pressure-dependent changes in the luminescence spectra of AgIn(WO 4 ) 2 mesocrystals (sample 3) were investigated up to 16.239 GPa using a diamond anvil cell at room temperature (Fig. 5) , in which the peaks at 550 and 693 nm correspond to the diamond and ruby R1 bands, respectively. As the pressure was increased up to 8.714 GPa, the intensity of the spectra decreased monotonically and rapidly. When the pressure exceeded 8.714 GPa, the decrease in the intensity of the spectra became less marked with further increases in pressure. Therefore, pressure clearly has a significant influence on the luminescence intensity and the structure of the mesocrystals. The structure of the mesocrystals (sample 3) at different pressures was studied by Raman spectroscopy (Fig. 5(b) ). The intensity of the characteristic Raman peaks of the mesocrystals, such as those at 760, 952, and 1120 cm -1 , decreased gradually with increasing pressure. When the pressure was increased above 8.714 GPa, the Raman peak at 952 cm -1 shifted to longer wavelengths, and the Raman peak at 760 cm -1 became broader. These changes indicate that a phase transition of the material occurred above 8.714 GPa. Therefore, 8.714 GPa is the critical value of the pressure at which the crystals undergo a pressure-induced phase transition resulting in changes in the crystal field. Table 1 ). The excitation wavelength was 514 nm and the spectra were recorded at room temperature and different pressures, namely 0, 0.522, 0.934, 1.788, 2.783, 4.088, 6.686, 8.714, 9.846, 11.496, 12.839, 14.304, and 16.239 GPa. The insert image shows the relationship between the integrated area of the emission peak and the pressure from 0 to 16.239 GPa. (b) Raman spectra of the AgIn(WO 4 ) 2 mesocrystals (sample 3) at room temperature and different pressures, namely 0, 0.522, 0.934, 1.788, 2.783, 4.088, 6.686, 8.714, 9.846, 11.496, 12.839, 14.304, and 16.239 GPa Temperature-dependent changes in the luminescence spectra of AgIn(WO 4 ) 2 mesocrystals (sample 3 in Table 1 ) were investigated down to 10 K ( Fig. 6 ). At 10 K, the spectrum exhibited a broad emission band around 560 nm. When the temperature was increased from 10 to 300 K, there was no observable shift of the emission band at 560 nm, and its intensity decreased monotonically and slowly. The structure of the mesocrystals was also studied by XRD at different temperatures. The XRD patterns showed that changing the temperature did not alter the structure of the mesocrystals (sample 3 in Table 1 ) ( Fig. 6(b) ). Wang et al. [49] have explained the low-temperature luminescence of ZnWO 4 single crystals using the theory of electron-phonon interactions. As the temperature increases, the interactions between electronic transitions and phonons associated with defects in a tungsten group become stronger, which might be responsible for the decrease in emission intensities and the shifts of the emission bands. However, more work is required to develop a detailed mechanism for the temperaturedependent changes in the luminescence properties of these AgIn(WO 4 ) 2 materials.
Conclusions
Hierarchical silver indium tungsten oxide (AgIn(WO 4 ) 2 ) mesocrystals with different morphologies can be synthesized by tuning the initial concentrations of the precursors in a microwave-assisted synthesis method. By adjusting the initial concentrations, materials with different amounts of crystalline outgrowths were obtained. The photoluminescence spectra of five AgIn(WO 4 ) 2 mesocrystals with different morphologies have been compared. The materials all showed a white emission in the visible region when excited by visible light of wavelength 460 nm. The amount of outgrowths in the AgIn(WO 4 ) 2 materials has an important effect on their photoluminescence properties, namely the greater the amount of outgrowths, the stronger the emission intensity. In addition, pressure has a significant influence on the emission intensity. It was found that 8.714 GPa was a critical value of the pressure, at which the crystals underwent a pressureinduced phase transition resulting in changes in its crystal field. The intensity of the emission band at 560 nm decreased with increasing temperature. These hierarchical AgIn(WO 4 ) 2 mesocrystals are expected to be of interest for both fundamental research and optical applications in the future. Table 1 ). The excitation wavelength was 460 nm and the spectra were recorded at different temperatures, namely 10, 20, 30, 40, 50, 60, 70, 80, 100, 120, 140, 160, 180, 200, 230, 260 , and 300 K. The insert image shows the relationship between the integrated area of the emission peak and the temperature from 10 to 300 K. (b) The XRD patterns of the AgIn(WO 4 ) 2 materials (sample 3) at different temperatures from 10 to 300 K 2010DFA41170), and the Principal Investigator Award by the National Synchrotron Radiation Laboratory at the University of Science and Technology of China.
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